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Unmasking pedal arteries in patients with critical
ischemia using time-resolved contrast-enhanced
3D MRA
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Elmar Spüntrup, MD,b,e Aachen and Cologne, Germany; and Maastricht, The Netherlands
Objective: To test the diagnostic relevance of fast Gadobenate dimeglumine (Gd-BOPTA) enhanced, time-resolved,
three-dimensional magnetic resonance angiography (t3D MRA) of distal calf and pedal vasculature in critical limb
ischemia in a prospective comparison with conventional selective digital subtraction angiography (DSA) and high-
resolution duplex ultrasound (US) scan.
Methods: From April 2007 to June 2008, 34 feet of 29 consecutive patients suffering from limb-threatening ischemia
underwent diagnostic US scan, DSA, and t3D MRA before treatment. The investigations took place within 3 days. A t3D
MRA was performed using a 3 Tesla whole-body magnetic resonance (MR) system with an eight-element phased-array
coil. Image quality and diagnostic findings were subjectively analyzed by two radiologists and one vascular surgeon. Each
distal calf and foot was divided into six arterial segments for DSA and t3D MRA, and four segments were investigated by
US scan. Patency or occlusion was studied with all the techniques, whereby DSA and t3D MRA were additionally
evaluated in patients having greater or less than 50% stenosis. Finally, images were visually assessed by the three observers
by applying a six-point grading scale. The acquired data was statistically analyzed using McNemar’s test and Wilcoxon’s
matched-pairs signed-rank sum test. The P values of less than an alpha level of .05 were considered to be statistically
significant.
Results: We achieved MRA images of diagnostic quality in all patients. Significantly more patent pedal arteries were
identified by applying t3D MRA than DSA (P < .001) and US scan (P < .02). For estimating the degree of stenosis, no
technique proved to be superior (P > .28). Overall image quality was rated best for t3D MRA. Additionally, potential
bypass target vessels could be clearly discriminated from pedal veins due to the temporal resolution.
Conclusion: In our prospective study, t3D MRA has been proven to be superior to DSA and US scan in pedal vasculature
imaging in critical limb ischemia. This is a valuable, noninvasive method for detecting potential pedal bypass target
arteries. ( J Vasc Surg 2009;49:1196-202.)Due to the increasing demand for improved pedal
vasculature imaging, various magnetic resonance angiogra-
phy (MRA) techniques have been developed; the contrast-
enhanced MRA approaches have hereby been shown to be
a safe and reliable diagnostic tool.1 Three-dimensional
MRA (3DMRA) of the peripheral arteries typically utilizes
a large field-of-view multi-station approach that covers the
entire run-off vessels. However, spatial resolution is limited
and venous overlap can significantly reduce accuracy in the
lower leg because of early distal filling of the venous sys-
tem.2 Concerning this matter, we recently presented a new
3 Tesla (T) scanner technique with a high spatial and
temporal resolution.3 Unlike previous MRA techniques,
our new approach allows the investigator to discriminate
between arteries and veins also in patients with severe
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1196peripheral arterial occlusive disease (PAOD) and diabetes
(DM).
The purpose of our prospective study was to evaluate
the diagnostic value of time-resolved three-dimensional
magnetic resonance angiography (t3D MRA) for imaging
of distal calf and pedal vasculature in limb-threatening
ischemia in patients, considered as potential candidates for
distal crural or pedal bypass surgery. We compared t3D
MRA results with those of selective digital subtraction
angiography (DSA) and high-resolution duplex ultrasound
(US) scan.
METHODS
The study was approved by the local institutional ethi-
cal board and written informed consent was obtained from
every patient. Exclusion criteria were contraindications for
DSA and/or MRA, especially pre-existing nephropathy
with glomerular filtration rate 30 mL/minute/1.73m2,
unless endstage renal disease was present. The use of selec-
tive DSA was a mandatory requirement for each patient in
this study. Therefore, patients with occlusion or stenosis
above the femoral level were excluded from this study.
In a 15-month period between April 2007 and June
2008, 29 consecutive patients (20 male, 9 female) suffering
from chronic limb ischemia (CLI) with 34 affected limbs
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was 70.6 years (range, 49-82 years). According to the
Rutherford classification,4 one limb was staged II4 (isch-
emic rest pain) and 33were staged as III5 (minor tissue loss,
nonhealing ulcer, or focal gangrene with diffuse pedal
ischemia).
Clinical and demographic data were prospectively col-
lected from the medical record of the patients. Atheroscle-
rotic risk factors - including diabetes mellitus, smoking,
arterial hypertension, and chronic kidney diseases (CKD) -
were recorded for each patient (Table I). CKD was defined
as a glomerular filtration rate  60 mL/minute/1.73m2
and absence of kidney damage.
Ultrasound scan. After basic noninvasive investiga-
tions (pulse palpation, ankle-brachial index [ABI], duplex
scan of the aortic, iliac, femoral and popliteal arteries), poten-
tial distal bypass candidates underwent high-resolution US
scan with 12 MHz linear transducer (GE Vivid pro 7, GE
Medical Systems, Solingen, Germany). An experienced
vascular surgeon, having duplex scan certification by the
German Society of Vascular Surgery, examined the pa-
tients. The distal calf and pedal arteries were divided into
four segments: distal anterior tibial artery (DAT), distal
posterior tibial artery (DPT), dorsal pedal artery (DPA),
and medial plantar artery (PA). The aforementioned vessels
were identified and assessed to be patent or occluded by
using the color flow mode. Documentation included print
pictures and hard-disk saved frozen pictures with longitu-
dinal imaging and duplex scan of each segment.
Selective DSA. Patients were examined with a stan-
dardized selective technique in an Integris V 3000 unit
(Philips Medical Systems, Best, The Netherlands). Approx-
imately 30 to 40 mL of slightly diluted (9:1) iodinated
contrast media (Ultravist 370, 370 mg iodine/mL) were
antegrade injected into the femoral artery, either through
direct puncture by using an 18G cannula or by applying the
crossover technique with a 4F angiography catheter for
patients with scarified groin tissue from a previous opera-
tion. DSA images of the whole leg were acquired; lower leg
and foot were imaged in strictly lateral and sagittal views.
MRA. The magnetic resonance imaging (MRI) exam-
inations were performed in a 3 Tesla magnet (Achieva,
Table I. Patient’s demographic and atherosclerotic risk fa
Male
Patients 20 (68.9%)
Mean age (range) 68.2 (49-82)
Hypertension 19
Diabetes 13
CKD 6
Hyperlipoproteinemia 3
Smoking 4
CLI (Rutherford classification)
II4 (limbs) 1
III5 (limbs) 23
CKD, Chronic kidney disease; CLI, chronic limb ischemia.Philips Medical Systems, Amsterdam, The Netherlands),whereby an eight-element transmit/receive head coil was
used. One foot of the patient was placed inside the coil and
fixed to minimize motion artefacts. After planning se-
quences, t3DMRA was performed in a sagittal orientation.
Details of this sequence have been previously described.3
To summarize, a T1-weighted 3D gradient echo sequence
(with repetition time 4.7 ms and a time to echo of 1.6 ms,
a flip angle of 30°, and high acceleration using parallel
imaging techniques [net factor 8], keyhole scanning, and
half-Fourier as well as central ordered k-space sampling)
resulted in high spatial and temporal resolution with a
measured voxel size of 0.8 0.8 1.6 mm, reconstructed
to 0.6  0.6  0.8 mm. Moreover, each stack of images
covering the entire foot was measured every 3.9 seconds. In
addition, 20 dynamics were measured covering the arte-
rial and venous phase. The gadolinium-based contrast
agent gadobenate (Gd-BOPTA, 0.2 mmol/kg body
weight, Multihance, Bracco, Italy) was initially injected
11 seconds before starting the first dynamic through an
antecubital vein by using an automatic injecting system.
Twenty dynamics were then measured covering a native
scan as well as the arterial and venous phase. Of these
images, subtraction images were obtained and maximum in-
tensity projections (MIP) of all dynamicswere calculated in 20
projections (over 180°). To interpret the images, data were
transferred to a work station (EasyAccess, EasyVisionDX
10.2, Philips Healthcare, Best, The Netherlands).
Image analysis. Three independent observers (one
consultant and one assistant radiologist, both having long-
term MRA experience as well as one consultant vascular
surgeon with extensive experience in pedal bypass surgery)
analyzed the DSA and t3D MRA images. First, the three
independent observers analyzed the DSA images in a ran-
domized order without knowledge of the patients’ identity
and history and without knowledge of the corresponding
MRA and US scan investigations. The same analysis fol-
lowed with t3D MRA and US scan. In case of disagree-
ment, the majority of the observers made the final decision.
Altogether, six artery segments—in particular the DAT,
DPT, distal peroneal (DP), DPA, PAs, and arch (A)—were
evaluated as patent or occluded. In case of patency, a degree
of stenosis of  or 50% was estimated by the observers
data
Female Total
9 (31.1%) 29 (100%)
74.6 (66-82) 70.8 (49-82)
9 28 (96.6%)
8 21 (72.4%)
3 9 (31%)
3 6 (20.6%)
1 5 (17.2%)
 1 (2.94%)
10 33 (97.0%)ctorswithout using electronic resources. To analyze t3D MRA
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to venous filling was chosen. The overall image quality was
assessed by using a six point grading scale: (1) excellent
delineation and enhancement of small arteries, no venous
overlying; (2) good contrast agent filling and clear ana-
tomic details but minimally reduced interpretation; (3)
satisfactory imaging with reduced anatomic detail with still
unaffected diagnostic quality; (4) moderate imaging with
impaired diagnostic value; (5) bad visualization with se-
verely reduced interpretation; (6) nondiagnostic with
global deterioration in image quality. Regarding US scans,
the observers evaluated four segments (DAT, DPT, DPA,
PA medial) as open or occluded based on the aforemen-
tioned documentation.
Statistical analysis. The data was statistically analyzed
by using SAS software (Version 9.1.3, Copyright (c) 2002-
2003 by SAS Institute Inc, Cary, NC). The basic question
concerned the unconformity in the total number of patent
distal crural or pedal arteries. For each artery segment, the
McNemar’s test for marginal homogeneity was performed
to assess whether one of the applied techniques yielded
significantly more segments as being patent. Segments that
were considered as patent via both techniques were used in
a second analysis concerning the degree of stenosis. By
performing an additional McNemar’s test, it was evaluated
if there are differences in the proportion of segments that
were rated as having a degree of stenosis of 50%. Differ-
ences in the six point grading scale for image quality were
assessed using the Wilcoxon matched-pairs signed-rank
sum test. The P values of less then an alpha level of .05 were
considered to be statistically significant.
RESULTS
The t3D MRA, DSA, and US scan were well tolerated
and could be performed successfully for all patients. In all
patients we achieved t3D MRA images of diagnostic qual-
ity. In particular venous superimposition was not present.
Moreover, no complications that were associated with con-
trast agent administration were observed for both DSA and
t3D MRA.
Comparison t3D MRA/DSA. In particular, a total
of 204 distal calf and pedal arterial segments was evaluated
by utilizing DSA and MRA. Altogether, 104 and 146
segments were found to be patent in the DSA and t3D
MRA images, respectively. In all, 150 patent segments were
identified applying both methods. Of this sum, 46 were
only seen in t3DMRA and only four exclusively in the DSA
images. The observers rating are specified in Table II. The
statistical analysis of DSA and t3DMRA confirmed that, in
general, significantly more arteries were found to be patent
using t3D MRA (P  .001). Regarding the particular
segments, we observed that t3D MRA images showed in
four of six segments (DAT, DPT, DP, PA) significantly
more patent pedal arteries (Table III). There were no
significant differences in the estimation of degree of steno-
sis in all segments. In particular, there were no discordant
pairs in the pedal arch (P .28). Overall image quality wasrated to be significantly worse for DSA (P  .001, Wil-
coxon matched-pairs signed-rank sum test).
We identified three cases with no pedal contrast en-
hancement in the DSA images yet with clear vessel detec-
tion in the t3DMRA images. One of these cases is demon-
strated in Fig 1. By using the dynamic time-resolved
technique, arteries and veins could be reliably differentiated
in all the cases (Fig 2). In addition, but not part of the
study, 3 patients underwent postoperative pedal bypass
graft control t3D MRAs (Fig 3), which were indicated
before heel flap application by plastic surgery.
Comparison US/DSA/t3D MRA. A total of 136
segments were evaluated using an US scan. For comparing
with DSA and t3DMRA, the corresponding four segments
were chosen. For detecting patency, an US scan was supe-
rior to DSA in three of four segments; only for the dorsal
pedal artery, no discordance could be analyzed. Overall
image quality showed no disagreement (P  .2287, Wil-
coxon matched-pairs signed-rank sum test).
By comparing an US scan to t3D MRA, the observers
identified slightly more patent segments in t3D MRA im-
ages than in US scan images. However, only for the DPA
segment a significant superiority for t3D MRA was ana-
lyzed (Table IV). Concerning the overall image quality, the
observers rated US scan to be worse (P  .001, Wilcoxon
matched-pairs signed-rank sum test).
Comparison combination of US/DSA with t3D
MRA. A total of 136 segments were analyzed for compar-
ing the combination of US scan and DSA with t3D MRA.
DSA and US scans depicted 104 segments, whereas MRA
depicted 107 segments. Altogether, 13 segments that were
not seen in MRA were patent in US scan or DSA. In
contrast, MRA depicted 16 arterial segments which were
not detected by US scan or DSA. In summary, neither
MRA nor a combination of US scan and DSA proved
superiority in pedal arterial segment imaging (P  .58).
DISCUSSION
Preoperative planning of pedal arterial reconstructions
requires the best possible imaging. The results of the cur-
rent analysis demonstrate the superiority of t3DMRA over
Table II. Frequency and percentage of occluded or
patent vessels in DSA and MRA
Frequency percent
MRA
TotalOccluded Patent
DSA
Occluded 54 46 100
26.47 22.54 49.02
Patent 4 100 104
1.96 49.01 50.98
Total 58 146 204
28.43 71.57 100.00
DSA, Digital subtraction angiography; MRA, magnetic resonance
angiography.the “gold-standard” DSA in depicting distal calf and pedal
phy.
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ischemia. This effect can be attributed, on the one hand, to
significantly more patent distal artery segments and, on the
other hand, to the blinded observer’s quality rating results.
Table III. Breakdown of visualized arterial segments by c
Neither Only DSA O
Distal anterior tibial 8 0
Distal posterior tibial 12 0
Distal peroneal 3 1
Dorsal pedal 4 2
Plantar 3 0
Pedal arch 24 1
DSA, Digital subtraction angiography; MRA, magnetic resonance angiogra
Fig 1. Selective digital subtraction angiography (DSA) (a-c) and
maximum intensity projection magnetic resonance angiography
(MRA) (d) of a 66-year-old female diabetic patient, suffering from
chronic limb ischemia (CLI III5). DSA images show complex
infrapopliteal occlusion disease and missing contrast agent in the
distal calf and foot despite sufficient fluoroscopy examination time
which resulted in slight motion artefacts of the foot DSA (grey
arrow). Corresponding time-resolved three-dimensional magnetic
resonance angiography (t3D MRA) depicted the patent distal
anterior and distal posterior tibial artery as well as the dorsal pedal
(white arrow) and medial plantar artery.Compared to an US scan, t3D MRA showed only slightlymore patent artery segments. Thus, this predominance was
less distinct. However, t3D MRA depicted even minimally
more arterial segments, when compared to the combina-
tion of DSA and US scan.
In 1994, contrast-enhanced MRA employing bolus
administration of extracellular gadolinium chelates was
introduced and demonstrated preferential arterial en-
hancement at MR-aortography.5 During the past de-
cade, contrast-enhanced MRA protocols were evolving
and different technical innovations produced high-quality
images of infrainguinal6 or infrageniculate7 vasculature in
PAOD. These improvements included the use of a multi-
station approach and bolus chase allowing imaging of the
entire run-off vessels including the calf vessels. Sequence
parameters were adjusted for each station with dedicated
data sampling strategies and higher spatial resolution imag-
ing in the lower legs at the expense of data acquisition
times. However, imaging of pedal arteries was always chal-
lenging and, thus, only a few studies compared pedal MRA
toDSA8-10 orUS scan.11Of these, Kreitner et al9 described
findings on 24 diabetics with superiority for contrast-
enhanced 3DMRA in revealing patent segments, by apply-
ing a conventional 3D fast low-angle shot sequence at
1.5T.9 However, time-resolved data acquisition was not
performed and, as admitted by the authors, one drawback
of this study was the inconsistent DSA protocol with par-
tially two-leg examinations and, consequently, lack of an-
tegrade injection. To address this, we strived for a DSA
examination protocol in our study, which fulfilled the nec-
essary criteria for selective DSA proposed by Gates and
Hartnell.12 Nonetheless, we acknowledge that a catheter
placement at the most distal site might be helpful in cases of
poor or nondiagnostic pedal imaging, if the superficial
femoral artery is patent.
Recently, the same group published their results for 22
patients with low-dose administration of Gd-BOPTA (0.1
mmol/kg body weight) and by acquiring consecutive 3D
datasets of 24 seconds each and rather low spatial resolu-
tion (2.6 mm slice thickness) as no accelerated data acqui-
sition was used.10 MRA delineated significantly more
patent pedal vessels without segmental occlusion and more
metatarsal arteries than selective DSA, but unlike our study,
nearly half of the cohort merely suffered from moderate
claudication. However, as previously shown, higher tem-
aring DSA and MRA
RA MRADSA Total no. of legs P value
19 34 .0082
16 34 .0143
21 34 .0114
20 34 .0578
21 34 .0016
3 34 .0588omp
nly M
7
6
9
8
10
6poral resolution in conjunction with higher spatial resolu-
s ove
ein g
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with more severe PAOD and DM.3
Hofmann et al8 compared selective DSA, US scan and
MRA at 1.0T, using a quadrature head or knee coil in 37
patients with grade III5 CLI, which corresponds to our
cohort. In contrast to our present study, their US scan
protocol included a stenotic grading based on peak systolic
Fig 2. Maximum intensity projections after background
loss of the heel chronic limb ischemia (CLI III5). Obviou
early contrast of the distal anterior and posterior tibial a
filling of the pedal arch. Thereafter, an impressive venou
Fig 3. Magnetic resonance angiography (MRA) of a
chronic heel ulcer chronic limb ischemia (CLI III5) due
arteries. Images demonstrate pedal vasculature before (
surgery. Note the soft tissue enhancement at the site of th
a grafting of the posterior tibial artery. Due to inadequat
to the dorsal pedal artery was indicated. Thereafter the vvelocity (PSV) ratios and a calcification grade score.8 Hof-mann et al8 could show that a US scan and MRA are better
than DSA in predicting the distal site of the pedal bypass
anastomosis in 28 patients who underwent pedal artery
surgery. The authors recommended US scan as the pre-
ferred method for evaluating a pedal artery’s diameter and
morphology due to the superior spatial resolution of this
technique. Although our findings showed that US scan is
raction of a 69-year-old diabetic male with minor tissue
e are the dynamic effect (3.9 seconds for each scan) with
as well as clear imaging of pedal run-off with complete
rlap can be seen.
ar-old male insulin-dependent diabetic patient with a
extensive segmental below knee occlusion of all crural
and after pedal bypass grafting (right) prior to plastic
-healing heel ulcer. The arterial reconstruction included
aoperative volume flow of 12 mL/minute, a jump graft
raft flow was 26 mL/minute.subt
s her
rtery51-ye
to an
left)
e non
e intrsuperior to DSA, we focused just on patency. We did not
d mag
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quantifying stenosis of pedal arteries via US scan yields
merely mediocre results.13,14 In a further study, Hofmann
et al11 compared the agreement of the distal pedal anasto-
mosis site predicted either by DSA and MRA or by duplex
US scan with the definitive intraoperative anastomosis site
and the postoperative results in 33 patients.11 To summa-
rize, the preoperative US scan results disagreed with intra-
operative findings of the surgeons for 5 patients. Moreover,
the DSA orMRA findings did not correspond for 9 patients
in this study. Despite their excellent results, the author
learned that a US scan is somewhat limited in imaging the
most distal vascular territory. First, the evaluation of runoff
was difficult and the pedal arch could not be visualized
along its entire route. Second, US scan-based hemody-
namic parameters did not correlate with completion-
angiography after bypass grafting. Third, due to its super-
ficial course, low-flow pedal vessels are easy to compress
with the transducer which affects the flow and mimics
stenosis.
The reported results warrant further studies to evaluate
the impact on clinical outcome. However, due to the
promising results of the current study, we recommend t3D
MRA for preoperative planning, when selective DSA or
standard 3D MRA fail to achieve satisfactory pedal imag-
ing. Because t3D MRA allows no prediction of vascular
calcification, which may be helpful to estimate a potential
anastomosis site, we favor combining with a US scan to
acquire best results.
Nevertheless, we acknowledge some limitations of
t3D MRA. First, only the most distal part of the limb can
be visualized, and a combination with DSA or standard
3D MRA is always mandatory to depict the more proxi-
mal vessels. Second, minor motion artifacts may still have
an impact on vessel visualization, although the native
scan mask is acquired in the same dynamic dataset as the
contrast enhanced images, and thus immediately prior to
contrast media arrival. And finally, any administration of
gadolinium-based contrast agent is associated with the
risk of nephrogenic systemic fibrosis, especially in diabet-
ics with impaired renal function.15 Thus, based on cur-
rent guidelines for contrast enhanced MRA, our t3D
MRA approach cannot be acquired in patients with GFR
Table IV. Breakdown of visualized arterial segments by co
Neither Only US scan
US/DSA
Distal anterior tibial 8 7
Distal posterior tibial 10 8
Dorsal pedal 8 4
Plantar medial 6 7
US/MRA
Distal anterior tibial 3 5
Distal posterior tibial 8 4
Dorsal pedal 5 1
Plantar medial 2 1
US/DSA, Ultrasound digital subtraction angiography; US/MRA, ultrasounlower than 30 mL/minute.In summary, t3DMRA at 3 Tesla, which is now widely
available on clinical whole bodyMR systems, demonstrated
high spatial and temporal resolution with submillimeter
voxel size for the distal calf and pedal arteries. In this
prospective study, we proved that t3D was superior to both
selective DSA and US scan in pedal vasculature imaging in
CLI. Thus, t3D MRA is a promising new method for
unmasking potential pedal bypass target arteries that have
not yet been revealed by traditional methods.
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